Objectives: Hydroxyapatite (HA) has osteoconductive properties and is widely used as a bone graft substitute. Platelet-rich plasma (PRP) is an autologous product with osteoinductive effects. Hypothetically, a combination of both would augment the bone formation effect of HA and widen its application in spinal fusion surgeries. This study aimed to compare new bone formation with HA granules alone and in combination with PRP versus an autologous bone graft during a lumbar intertransverse process spinal fusion. Methods: A total of 16 adult New Zealand white rabbits underwent single-level bilateral intertransverse process fusion at the L5-L6 vertebrae. One side of the spine received either HA granules alone or a combination of HA granules and PRP, while the contralateral side received an autologous bone graft. Four animals each from the HA group and the HA plus PRP group versus the autograft group were assessed either at six or 16 weeks by undecalcified histology and histomorphometry. The mean percentage of new bone areas over the corresponding fusion masses were compared between groups. Results: No significant difference in new bone formation was observed between the HA and HA plus PRP groups at six or 16 weeks. The autograft group had significantly more new bone formation at six and 16 weeks (P = 0.004 and <0.001, respectively). Conclusion: An autologous bone graft remains superior to HA granules, with or without PRP. HA granules demonstrated an excellent osteoconductive scaffold but had poor biodegradability. While PRP enhances the properties of HA granules, these biomaterials do not have a synergistic effect.
B one grafts are used in various clinical fields. 1, 2 Commonly, bone grafts are harvested from the patient's own bones during surgery. However, serious complications related to the harvesting procedure can arise, such as bleeding, infection and chronic pain at the donor site, as well as increased costs and operating time. 1, 3, 4 As a result, the demand for bone graft substitutes has led to multidisciplinary research designed to develop new biomaterial technology.
In Malaysia, researchers from a collaborative project have successfully manufactured and commercialised a synthetic bone graft substitute known as GranuMas ® (GranuLab, Kuala Lumpur, Malaysia); this product is made of locally produced calcium phosphate-based hydroxyapatite (HA) granules fabricated from limestone. 5 Khadijah et al. tested this bone graft substitute on New Zealand white rabbits with non-critical tibial metaphyseal defects; undecalcified bone histology showed new bone formation two weeks after implantation and the defect was completely bridged by new bone at 4-6 weeks. 6 As demonstrated in the animal model, HA granules have shown good evidence of bone formation in the weightbearing areas; however, there is currently no scientific evidence that this product is suitable for application in non-weight-bearing areas, such as in lumbar spinal fusion.
In lumbar spinal fusion surgeries, an autologous bone graft is still considered the gold standard, as it possesses all of the properties necessary for bone regeneration, such as osteoconductivity, osteoinductivity and the presence of osteogenic cells. 3 In comparison, HA granules are solely osteoconductive due to their similarity to the mineral components of bone tissue. 7, 8 Despite this, combining HA granules with growth factors-such as platelet-derived growth factor, transforming growth factor and vascular endothelial growth factor-can augment bone formation. 9 The main purpose of this study was therefore to compare new bone formation using an undecalcified histology technique in a lumbar intertransverse process spinal fusion with HA alone and a combination of HA with platelet-rich plasma (PRP) versus an autograft control.
Methods
A total of 16 New Zealand white rabbits between 10-19 months old and 2.25-3.40 kg were used in this study. The animals were randomly divided into two groups of eight rabbits each to form a HA group and a HA plus PRP group. Two assessment periods were chosen to show differences in the fusion healing and remodelling changes as a previous study indicated histological evidence of fusion-healing changes at 16 weeks. 10 As such, each group was further subdivided into two groups of four rabbits according to the time of observations (at six or 16 weeks, respectively).
Assumptions for the mean percentage of bone area in subgroups were made according to sample size calculations, since a previous study reporting a similar method of comparison using new bone formation in intertransverse process spinal fusions was performed at 12-week intervals. 10 The sample size was calculated using PASS software, Version 2008 (NCSS LLC, Kaysville, Utah, USA), to measure the difference of the mean percentage of bone area in subgroups with 80% power and a significance level of <0.05. In a oneway analysis of variance (ANOVA) test, the means of three samples of four individuals each were compared. The total sample of 16 subjects achieved 91% power to detect differences among the means versus the alternative of equal means using an F-test with a <0.05 significance level. The size of the variation in the means was represented by their standard deviation (24.94). The common standard deviation within a group was assumed to be 20.00 [ Table 1 ].
All of the animals underwent a bilateral intertransverse process spinal fusion between the L5 and L6 vertebrae using a previously described lateral approach technique. 11 A single orthopaedic surgeon with previous experience in animal studies performed the surgery and a trained laboratory technician administrated the anaesthesia. Synthetic GranuMas ® HA granules (GranuLab) between 1,000-2,500 µm with a tap density of 0.524 g/mL and ~48% porosity were used. The platelet-rich plasma (PRP) was obtained from the rabbits' peripheral blood using a gravitational platelet sequestration technique with a table-top centrifuge machine. 12 The processing Advances in Knowledge -Calcium phosphate-based hydroxyapatite (HA) granules can be used as bone substitutes in non-weight bearing areas such as in a lumbar intertransverse process spinal fusion.
-HA granules have excellent osteoconductive properties but lack biodegradability.
-Autologous bone grafts result in significantly more new bone formation in comparison to HA granules, with or without platelet-rich plasma (PRP).
Application to Patient Care -The results of this study showed that HA granules and a combination of HA granules and PRP are potentially good bone substitutes in spinal fusion procedures; however, autologous bone grafts result in significantly more new bone formation.
Histological Evaluation of Hydroxyapatite Granules with and without Platelet-Rich Plasma versus an Autologous Bone Graft was done under sterile conditions. The HA granules and platelet gel were prepared prior to implantation following the decortication of the transverse processes. The HA granules were mixed with the platelet gel in a Petri dish before being implanted into the fusion bed. One side of the spine was then implanted with either HA granules alone (the HA group) or HA mixed with PRP (the HA plus PRP group). The contralateral site of the spine acted as a control and received an iliac crest bone graft (the autograft group). The same rabbit was used in both one experimental group and the control group so as to eliminate the confounder of physiological variability between individual rabbits. Subsequently, the rabbits were euthanised at either six or 16 weeks post-implantation. Their spines were harvested from the L4 to L7 vertebrae en bloc with the adjacent paravertebral muscles. A hard tissue band cutting and microgrinding system (Exakt Advanced Technologies, Norderstedt, Germany) was used to produce undecalcified tissue sections. Retrieved specimens were fixed in 10% neutral buffered formalin, dehydrated in a series of concentrations (70%, 90% and 100%) of ethanol and then cleared in chloroform. The specimens were then infiltrated in various concentrations (10%, 30%, 50%, 70%, 90% and 100%) of hydroxyethyl methacrylate (Technovit ® 7200, Heraeus Kulzer, Hanau, Germany) before being embedded in pure hydroxyethyl methacrylate (Technovit ® 7200, Heraeus Kulzer). The tissue sections were then stained using the Masson-Goldner trichrome staining method and analysed using a transmitted light microscope (Olympus ® BX61, Olympus Corp., Tokyo, Japan).
The total area of fusion mass was defined as the area spanning from the upper border of the transverse process of L5 vertebra (TP5) superiorly, the lower border of the transverse process of L6 vertebra inferiorly, the intertransverse membrane ventrally and the ventral border of paraspinal muscles. New bone area was defined as an area with mineralised bone, marrow within the mineralised area and osteoids. Unremodelled or native transverse processes, marrow within the transverse processes, cartilaginous tissue, soft tissue stroma, HA granules and the remnants of the autograft were excluded from the measurement of new bone.
The total fusion and new bone areas were measured in pixels using Photoshop CS4 Extended, Version 11.0 (Adobe Systems Inc., San Jose, California, USA). Examples of the calculation of fusion mass, measured total fusion and new bone areas are shown in Figure 1 . 
Results
At six weeks post-implantation, the fusion mass in the autograft group was well defined and easily differentiated from the surrounding paraspinal muscle, which was stained brick red. Evidence of remodelled woven bone was observed in the fusion mass near the middle of TP5. Immature new bone trabeculae or woven bones were seen in the peripheral zones around the transverse processes and adjacent to both decorticated sides of the transverse processes. In the central zone, the fusion mass was made up of immature new bone trabeculae, bone marrow, remnants of old bones (either autografted or grafted bones), cartilage and soft tissue stroma.
In the autograft group, the remnants of old bones at six weeks were in close contact and integrated well with the islands of newly formed bone. Wellorganised and regularly arranged collagen fibres and osteocyte lacunae characterised the remnants of the old bones. The lacunae appeared empty and contained no osteoids. In this section, the green mineralised old bone appeared brighter than the new bone (woven or newly remodelled bone). In the same way, the undecorticated side of the transverse processes also displayed a green colour similar in intensity to the old bones [ Figure 2A ].
Areas of endochondral bone formation in the autograft group at six weeks post-implantation were characterised by a different chondroblast morphology. The chondroblasts in the small lacunae nearest to the stromal tissue were evenly spaced in the matrix of the reserve zone. Adjacent to this, the chondroblasts were stacked up in columns in the proliferative zone. Next to this zone, the lacunae were hypertrophied in the maturation zone. Subsequently, the hyaline cartilages were calcified and resorbed by osteoclasts in the resorption zone. Osteoblasts were attached to the calcified hyaline cartilage and secreted osteoids. Osteoids were observed scattered in the calcification zones and the adjacent woven bone. New bone trabeculae in these areas appeared less dense compared to the newly formed woven bone. In between bone trabeculae, cells of various sizes-suggestive of bone marrow-were observed [ Figure 2B ]. Evidence of adipose cells was noted in the marrow during this observation period. In the autograft group, minimal grafted bone was observed at 16 weeks post-implantation. The remnants consisted mainly of cortical bone. A striking feature seen at this stage was the almost complete remodelling of the fusion mass, characterised by the presence of a cortical rim encasing cancellous bone and marrow within it. Under higher magnification, various sizes of cells were seen, suggestive of the multicellular content of the bone marrow. These cells were separated from each other by empty spaces. Remnants of transverse processes underwent total remodelling as part of the fusion mass [ Figure 2C ].
Six weeks post-implantation, new bone trabeculae were observed in the peripheral zones of the HA group. In the central zone, new bone trabeculae in between the HA granules almost bridged the transverse processes. Areas of soft tissue stroma and adjacent endochondral bone formation were also seen. There was extensive direct bonding between the new bone and the HA granules [ Figure 3A ]. Interestingly, new bone trabeculae had formed extensively on the surface of the HA granules in the fusion mass; however, no obvious new bone trabeculae were observed on the surfaces of the HA granules in contact with the margins of the fusion mass, neither at its junction with the paraspinal muscles nor the intertransverse membrane. At higher magnification, bone ingrowth was observed in some of the peripheral pores of the HA granules. No obvious remodelling was seen in the fusion mass at this time [ Figure 3B ].
In the HA group, scattered groups of stromal tissue and endochondral bone formation were seen in between the HA granules in the central region, similar to those observed in the autograft group. At 16 weeks post-implantation, new bone remodelled with the formation of bone marrow was observed [ Figure 3C ]. Scattered stromal tissues and on-going endochondral bone formation in the central zone were observed. No obvious evidence of early cortical rim formation was noted, unlike in the autograft group during the same observation period.
Generally, the HA granules in the HA plus PRP group were well defined and contained within the intended fusion site. In addition, fusion masses were better formed and a larger number of HA granules were observed on tissue sections in comparison to the HA group. Six weeks post-implantation, new bone trabeculae were seen only near the decorticated transverse processes (i.e. in the peripheral zone). In the central zone, a greater number of HA granules were contained in the fusion mass compared to the HA group. The spaces in between the HA granules were filled with either soft tissue stroma or dense material [ Figure 4A ]. The dense material was more prominent in spaces further from the decorticated transverse processes. Similar dense material was not found in either the autograft or the HA groups. The soft tissue stroma in the HA plus PRP group was composed of a few blood vessels and spindle-shaped fibroblast-like cells [ Figure 4B ]. Some stromal tissue was also seen in the cavities at the periphery of the granule. In one of the cavities, a multinucleated cell was discernible; however, whether this cavity was caused by osteoclastic activity or not could not be determined. No obvious new bone trabeculae were seen in close proximity.
In the HA plus PRP group, new bone areas were found only near the transverse processes at 16 weeks post-implantation. In contrast to the six-week samples, areas with endochondral bone formation were located in the peripheral zone. In the central zone, the fusion mass was packed with HA granules. Unlike the granules in the HA group, the granules in the HA plus PRP group were closer together. The spaces in between the granules were filled with dense material and some stromal tissue, similar in appearance to those observed at six weeks. No obvious new bone growth was seen in the central zone in any of the samples.
The mean percentage of new bone area in the autograft group was significantly higher compared to the HA and HA plus PRP groups at six weeks postimplantation (65.5% versus 33.1% and 9.8%, respectively; P = 0.004). At 16 weeks, the mean percentage of new bone area formed in the autograft group was 86.4% compared to 33.5% in the HA group and only 20.3% in the HA plus PRP group (P <0.001) [ Table 2 ]. Dunnett's post hoc test showed no statistically significant difference between the HA and HA plus PRP groups (P = 0.154). A post hoc test revealed that significant differences existed only between the autograft versus HA groups and the autograft versus HA plus PRP groups (P <0.001 each) and no significant differences were observed between mean bone percentages in the HA versus HA plus PRP groups (P = 0.487).
Discussion
A lumbar intertransverse fusion is commonly performed on patients with lumbar instability to regenerate bone tissue at sites previously occupied by muscle. Recently, HA has been used as a substitute for autologous bone grafting and there have been no detailed reports of intertransverse fusion failure. 13, 14 Calcium phosphate-based HA is well known for its osteoconductive properties; however, studies have revealed that graft materials with osteoconductive properties alone are inadequate to generate new bone at this site. [15] [16] [17] In its natural form, PRP contains growth factors and other cytokines; 18, 19 these growth factors have been shown to play an important role in promoting bone healing. 20 Thus, hypothetically, the combination of HA granules and PRP would enhance the effect of HA granules on bone formation.
In the current study, there was new bone formation at both ends of the fusion mass near the decorticated transverse processes in the HA group at six weeks. No intervening cartilage was seen in close proximity to this area. Areas of cartilage formation were observed in between the granules in the central zone. At 16 weeks, new bone was seen bridging the transverse processes. However, unlike in the autograft group, there was an absence of cortical remodelling and single marrow cavities in the HA group. This presumably occurred because most of the area in the fusion mass consisted of HA granules. In the HA plus PRP group, specimens showed almost the same results as those of the HA group. New bone formation was limited at both ends of the fusion mass near the decorticated transverse processes. Both of the transverse processes appeared to be healed instead of demonstrating the active bone outgrowth seen in both the autograft and HA groups. Moreover, no intervening cartilage was seen in close proximity to this area. The spaces between the granules in the central zone were mainly occupied by connective tissue stroma and no areas of cartilage formation were observed. One sample even demonstrated mature tissue fibrosis at 16 weeks. In contrast, no tissue fibrosis was observed in samples from the autograft or HA groups. Furthermore, there was no statistical difference between the HA and the HA plus PRP groups; this may be due to the small sample size of the current study as the power to demonstrate a difference between the groups was small.
Although HA demonstrates good osteoconductivity, the mean percentage of bone area among the HA group in the current study was significantly lower; this may be because the HA granules were minimally resorbed even at 16 weeks post-implantation and they occupied a large volume of the fusion mass. A similar explanation can be applied to the HA plus PRP group as well. Nevertheless, the results of this study indicate that HA granules and HA plus PRP may potentially be used as a good bone graft substitute for spinal fusion. Other studies in the literature are in agreement with these findings. 2, 21, 22 The porous characteristics of HA potentially affect the histological outcomes of posterolateral lumbar fusion; Motomiya et al. found that the highly interconnected porous structure of HA was a promising environment for spinal fusion in a rabbit model in terms of producing fusion masses with higher cellular viability. 23 In addition, Bansal et al. reported that HA in combination with β-tricalcium phosphate and bone marrow aspirate was a safe option for spinal fusion and had comparable effectiveness to an autologous bone graft; the major advantage of this option is the avoidance of donor site morbidity. 2 Based on the results obtained from the current study, it is recommended that future research on HA granules or HA granules plus PRP focuses on the use of these materials in combination with spinal fusion instrumentation in larger-sized animal models. In spinal surgery, higher fusion rates are achieved when instrumentation is used. 24 One of the limitations of the current study was the absence of macroscopic, radiographical and biomechanical analyses of the fusion areas.
Conclusion
Autologous bone grafts remain superior to the implantation of HA granules or HA granules plus PRP in terms of new bone formation in intertransverse process spinal fusion. However, HA granules-either in combination with PRP or on their own-can be used as alternative bone substitutes to support new bone growth. 
